Background: Transcription factor FoxO1 is deacetylated in response to oxidative stress and hyperglycemia in diabetes. Results: Mice bearing constitutively deacetylated alleles of Foxo1 develop larger atherosclerotic lesions despite improved plasma lipid levels in a bone marrow transplantation-independent manner. Conclusion: FoxO1 deacetylation predisposes to atherosclerosis and vascular endothelial dysfunction. Significance: The data identify a mechanism whereby oxidative stress, acting through FoxO1 deacetylation, promotes atherosclerosis in diabetic patients.
Atherosclerosis and its complications represent a large unmet medical need in the treatment of type 2 diabetes (T2D) 2 (1). In fact, the incidence and severity of atherosclerosis complications in T2D exceed those in the general population by factors of two and four, respectively, and account for nearly half of all diabetes-related expenditures, which in turn constitute one-third of medical insurance outlays by the United States government (2) . In addition to its staggering costs, atherosclerotic cardiovascular disease in T2D is poorly responsive to tight glucose control (3, 4) , raising the question of whether the predisposition of T2D patients to atherosclerosis reflects effects of insulin resistance, hyperglycemia, both, or neither (1) .
Vascular endothelial dysfunction is the harbinger of atherosclerosis and is usually associated with hyperlipidemia, insulin resistance, or hyperglycemia (5) . These factors affect endothelial cells in multiple ways, including altered nitric oxide metabolism, increased expression of cell adhesion molecules, and increased inflammation (6) . In the presence of an altered lipoprotein milieu that includes increased production of oxidized low density lipoproteins (LDL), endothelial dysfunction leads to increased monocyte recruitment and their differentiation into macrophages that take up modified cholesterol-rich lipoproteins to form "foam cells" (7) . This leads to the formation of atherosclerotic lesions and their stage-wise progression into increasingly complex thrombogenic lesions (8) .
The role of insulin resistance in this process is well documented (6) . In humans, insulin resistance and indeed hyperinsulinemia itself are associated with increased risk of cardiovascular atherosclerotic disease (9, 10) . In studies of genetically engineered mice, targeted gene mutations affecting insulin signaling in endothelial cells increase atherosclerosis (11) , as do generalized mutations of the insulin-regulated serine-threonine kinase, Akt1 (12) . The latter effect is independent of hematopoietic cells, strongly implicating vascular insulin resistance as a causative factor (12) .
The nutrient-sensitive transcription factor FoxO1 plays important roles in modulating insulin sensitivity (13) . Among its functions are regulation of hepatic glucose production (14) , ␤-cell response to oxidative stress (15) , and bile acid metabolism (16) . FoxO1 acts as a nutrient sensor not only for insulin and growth factors, but also for hyperglycemia-induced oxidative stress (15) . FoxO1 activity is regulated by insulin-or growth factor-induced phosphorylation through Akt (17, 18) . A second layer of regulation occurs through acetylation. FoxO1 is acetylated at multiple lysine residues and deacetylated by several deacetylases, including the NAD ϩ -dependent deacetylase, SirT1 (15, 19) . Deacetylation dampens the sensitivity of FoxO1 to insulin-induced phosphorylation, resulting in gain of function (20) . Hyperglycemia-induced oxidative stress also causes FoxO1 deacetylation and nuclear translocation due to decreased sensitivity to insulin signaling, thus promoting endothelial dysfunction (21) .
In this study, we employed mice homozygous for constitutively deacetylated FoxO1 alleles (Foxo1 KR/KR ) as a model mimicking the FoxO1 modifications associated with hyperglycemia (22) so that we could attempt to understand the contribution of hyperglycemia-(or oxidative stress-) induced FoxO1 modifications to atherosclerosis development in different organs.
EXPERIMENTAL PROCEDURES

Animal Studies-Foxo1
KR/KR mice have been described (15, 21, 22) . They were intercrossed with Ldlr Ϫ/Ϫ mice to generate Foxo1 KR/KR :Ldlr Ϫ/Ϫ mice that were further backcrossed onto Ldlr Ϫ/Ϫ mice on the C57BL background for 5-6 generations prior to analysis. Animals were maintained on normal chow diet at ambient temperature on a 12-h dark/light cycle. The Western-type diet (WTD) was purchased from Harlan Laboratories (TD88137, 42% milk fat, 0.15% cholesterol). Atherosclerotic lesions and metabolic parameters were analyzed as described (23, 24) . For bone marrow transplantation, 6-weekold male Foxo1 KR/KR :Ldlr Ϫ/Ϫ mice and Ldlr Ϫ/Ϫ controls were irradiated at a dose of 6.5 grays twice at a 4-h interval and then received isolated bone marrow cells from donor mice (1 donor to 2.5 recipients) by retinal vein injection. Mice were allowed to recover for 2 weeks, during which time they were provided with antibiotics in the drinking water (enrofloxacin 0.125 g/liter) and then placed on WTD for 11 weeks for atherosclerosis studies. The Columbia University Animal Care and Utilization Committee approved all animal experimentation.
Determination of Hepatic Lipid Content-We homogenized ϳ100 mg of liver in 3 ml of PBS and added 12 ml of chloroformmethanol (2:1). We resuspended the mixture and centrifuged it at 3,000 rpm for 10 min. We transferred the organic (bottom) phase into 20-cc scintillation vials and re-extracted the aqueous phase by adding 10 ml of chloroform-methanol-water (86:14:1) and repeating the centrifugation. We combined the organic layers from the two extractions, dried them using N 2 gas, and dissolved them into 1 ml of 15% Triton X-100 in chloroform. After evaporation with N 2 gas, we solubilized the lipids into 1 ml of H 2 O and measured the lipid content.
Hepatic Lipid Secretion Assays-We fasted mice for 5 h prior to injection of P407 (Sigma-Aldrich) at a dose of 1 g/kg of body weight. We drew blood and separated serum at various time points from the tail to measure triglycerides and cholesterol levels.
Peritoneal Macrophage Apoptosis Assays-We harvested peritoneal macrophages from WT or Foxo1 KR/KR mice by peritoneal lavage 3 days after intraperitoneal injection of 4% thioglycolate and cultured them in 5.5 mM glucose DMEM supplemented with 10% fetal bovine serum (FBS) and 20% L929 cell-conditioned medium (25) . Cells were treated with a combination of 58035 (10 g/ml) and acetylated LDL (100 g/ml) (FC), 7-ketocholesterol (30 M), or thapsigargin (0.5 M) for 18 h. Apoptosis was detected with Alexa Fluor 488 annexin V and phosphatidylinositol.
Primary Lung Endothelial Cell Culture-We performed lung endothelial cell isolation and culture as described (11) . We incubated minced lung for 1 h at 37°C in digestion medium, filtered the cells through a 40-m strainer, and centrifuged them at 350 ϫ g. We plated tissue digest from one mouse on a collagen-coated 10-cm dish. We cultured cells with DMEM containing with 5.5 mM glucose, 10% (v/v) FBS, 25 mM HEPES, 100 units/ml penicillin, 0.1 mg/ml streptomycin, 0.05 mg/ml endothelial mitogen, and 0.2 mg/ml heparin. After trypsin treatment during the first and second passage, we sorted cells as described above. We used cells at passages 2-4 after serum starvation for 16 h in DMEM supplemented with 5 mM glucose and 0.25% (v/v) bovine serum albumin (BSA). FoxO1 immunocytochemistry was performed as described previously (26) .
Monocyte Adhesion Assay-Lung endothelial cells were grown in a 48-well plate to confluence. After stimulation with 100 g/ml oxidized LDL (oxLDL) or 20 ng/ml TNF-␣ for 6 h, they were co-cultured with WEHI-274.1 cells (5 ϫ 10 5 cells/ well) for 1 h at 37°C. After washing twice with DMEM, adhered WEHI-274.1 cells were counted under a microscope.
RNA Analysis-We used TRIzol reagents (Invitrogen) with glycogen precipitation to isolate total RNA from primary cells and High-Capacity cDNA reverse transcription kits (Applied Biosystems) to carry out reverse transcription. We performed quantitative real-time PCR with goTaq quantitative real-time PCR master mix (Promega) on a Bio-Rad CFX96 real-time PCR system. The relative gene expression levels were determined by the ⌬⌬C t method using cyclophilin A as a reference gene. The primer sequences are: cyclophilin A, forward 5Ј-TAT CTG CAC TGC CAA GAC TGA GTG-3Ј and reverse 5Ј-CTT CTT GCT GGT CTT GCC ATT CC-3Ј; iNOS, forward 5Ј-GCT GTT CTC AGC CCA ACA AT-3Ј and reverse 5Ј-GTC GAT GTC ACA TGC AGC TT-3Ј; Icam1, forward 5Ј-TGG CCC CTG GTC ACC GTT GTG AT-3Ј and reverse 5Ј-AAC AGT TCA CCT GCA CGG ACC CA-3Ј; Vcam1, forward 5Ј-GGT CTT GGG AGC CTC AAC GGT-3Ј and reverse 5Ј-AGG GCC ATG GAG TCA CCG ATT T-3Ј; Il-1␣, forward 5Ј-TCA ACC AAA CTA TAT ATC AGG ATG TGG-3Ј and reverse 5Ј-CGA GTA GGC ATA CAT GTC AAA TTT TAC-3Ј; Ccr1, forward 5Ј-GTG TTC ATC ATT GGA GTG GTG G-3Ј and reverse 5Ј-GGT TGA ACA GGT AGA TGC TGG TC-3Ј; Tnf␣, forward 5Ј-AGG TGT GGA CCT CGT TTC TG-3Ј and reverse 5Ј-CGG ACT CCG CAA AGT CTA AG-3Ј.
Statistical Analysis-We evaluated statistical significance by performing unpaired two-tailed Student's t test. We used the customary threshold of p Ͻ 0.05 to declare statistical significance. All data are presented as means Ϯ S.E.
RESULTS
Lower Plasma TG Levels in Chow-fed Foxo1
KR/KR Mice-We assessed glucose and lipid levels in adult Foxo1 KR/KR mice. Unlike mice harboring the same mutation on the outbred C57BL/6J ϫ 129sv background (22) , they displayed normal fasting and re-fed glucose (Fig. 1A ) and insulin levels (not shown). These differences are likely the result of backcrossing onto the insulin-sensitive C57BL/6J strain, as we have seen in other mutations affecting insulin signaling (23, 27, 28) . FFA levels showed a small decrease in the re-fed state, whereas total cholesterol levels were unchanged (Fig. 1, B and C) . In contrast, the rise of plasma triglyceride (TG) levels after re-feeding was blunted in Foxo1 KR/KR mutants (Fig. 1D ). The decrease in plasma TG was associated with decreased hepatic TG content in fasted and re-fed animals (Fig. 1E) , without significant changes in hepatic lipogenic gene expression (data not shown) or total cholesterol content (Fig. 1F) .
Reduced Plasma TG in Foxo1 KR/KR Mice following WTD Feeding-We used a standard cholesterol-rich, high lipid diet (so-called Western-type diet) (22) to probe the predisposition of Foxo1 KR/KR mice to abnormalities of lipid metabolism. WTD feeding for 3 weeks increased plasma glucose, FFA, and cholesterol levels in Foxo1 KR/KR mice to the same extent as in control littermates (Fig. 2, A-C) . In contrast, plasma TG levels remained lower in Foxo1 KR/KR mice in both fasted and re-fed conditions (Fig. 2D) . Hepatic cholesterol and TG content in Foxo1 KR/KR were similar to control mice (Fig. 2, E and F) , providing evidence that decreased plasma TG levels were not secondary to decreased liver TG content. Likewise, the lower TG levels of Foxo1 KR/KR mice were not due to defects in hepatic lipid secretion because lipid secretion rates, assessed by measuring plasma lipid levels following P407 injection to block clearance, were similar to WT controls (Fig. 2, G and H : Ldlr Ϫ/Ϫ mice maintained lower TG levels than controls and also demonstrated a significant decrease of total cholesterol levels ( Table 1) . FPLC analysis of TG and cholesterol content of plasma lipoproteins indicated modest decreases of VLDL TG (Fig. 3A) and LDL cholesterol (Fig. 3B) , without changes to glucose and insulin levels ( Table 1) .
We conducted a formal assessment of atherosclerotic lesions by histomorphometric measurements of aortic root lesion size. Based on the reduced plasma TG and cholesterol, we predicted that we would find either smaller lesions or no effect on lesion size of the Foxo1 KR/KR mutation. Surprisingly, we detected an ϳ40% increase in lesion size in Foxo1 KR/KR :Ldlr Ϫ/Ϫ mice (Table  1 and Fig. 3C (Fig. 3C) , suggesting that atherosclerosis development is unaffected by hematopoietic-derived cell types, including macrophages. Thus, by exclusion, it appears that the proatherogenic abnormalities in Foxo1 KR/KR :Ldlr Ϫ/Ϫ mice can be accounted for by vessel wall abnormalities.
Deacetylated FoxO1 Affects Vascular Endothelial Cell Gene Expression-Multiple cell types in the vessel wall contribute to atherosclerosis progression, but the inciting lesion is generally assumed to occur in endothelial cells (29) . Therefore, we focused our investigations on cellular mechanisms whereby the deacetylated FoxO1 might predispose to endothelial dysfunction. To document that deacetylation results in gain of function in vascular endothelial cells, we first monitored FoxO1 subcellular localization in the presence of serum, a condition known to cause FoxO1 localization to the cytoplasm (30) . In this set of experiments, we used a GFP-tagged FoxO1 to facilitate detection. In human aortic endothelial cells, expression of GFPFoxO1-WT resulted in nuclear FoxO1 localization in only 8% of transfected cells, whereas 69% of cells expressing GFPFoxO1-KR showed nuclear localization. As a positive control, 92% of cells transfected with the phosphorylation-defective, constitutively nuclear FoxO1 S253A (in which the key Akt phosphorylation site has been mutated) (31) showed nuclear localization (Fig. 4A) . These data confirm data in other cell types indicating that deacetylation promotes FoxO1 nuclear retention (15, 21, 22) .
Next, we isolated and cultured primary endothelial cells from Foxo1 KR/KR and littermate control mice and assessed endogenous FoxO1 subcellular localization. Similar to the transfected protein, endogenous FoxO1 in endothelial cells isolated from Foxo1 KR/KR mice was primarily nuclear when compared with cells isolated from WT mice in basal conditions and following stimulation with oxidized LDL (Fig. 4B) .
We measured gene expression in response to oxidized LDL, elevated glucose (25 mM), or lipopolysaccharide. We (38) and others (32) have shown that Icam and Vcam are FoxO1 targets. In primary endothelial cells derived from Foxo1 KR/KR mice, we observed increased expression of Icam1 and decreased expression of Vcam1, consistent with our previous observations that the effects of the FoxO1 deacetylated mutant are target genespecific (15) (Fig. 4C) . We observed similar changes to Icam1 and Vcam1 in glucose-treated cells (Fig. 4D) . In addition, we observed increased expression of pro-inflammatory cytokines Tnf␣ and Il-1␣, but reduced iNos under basal conditions (Fig. 4 , C and D) and following treatment with 25 mM glucose (Fig. 4D) . These data indicate that the main pro-atherogenic change in cultured endothelial cells in response to FoxO1 deacetylation is increased Icam1 expression, raising the possibility that altered endothelial/monocyte interactions underlie the pathogenesis of increased atherosclerosis in Foxo1 KR/KR :Ldlr Ϫ/Ϫ mice (33). To investigate the latter point, we performed ex vivo cell adhesion assays by co-culturing primary endothelial cells derived from Foxo1 KR/KR and WT mice with WEHI-274.1 cells following incubation with oxidized LDL or TNF␣. We observed increased adhesion of monocytes to endothelial cells under basal conditions and following incubation with oxLDL, but not TNF␣ (Fig. 4, E and F) .
DISCUSSION
T2D worsens atherosclerosis. Paradoxically, tight glycemia control, either by insulin or by insulin-sensitizing drugs, fails to reduce atherosclerosis complications in T2D (4, 34) . In this study, we employed Foxo1 KR/KR knock-in mice to mimic the effect of oxidative stress-(or hyperglycemia-) induced FoxO1 deacetylation on atherosclerosis and demonstrate that deacetylation of FoxO1 induces a small reduction of plasma TG and LDL cholesterol levels. Despite these potentially beneficial changes vis à vis atherogenesis, homozygosity for the deacetylated Foxo1 allele in the Ldlr Ϫ/Ϫ background increased atherosclerosis in a bone marrow transplantation-independent manner. Experiments with isolated vascular endothelial cells indicate that deacetylated FoxO1 affects their gene expression response to a variety of pathogenic stimuli and increases monocyte/endothelial interactions, suggesting that the primary atherogenic abnormality in these mice occurs in the vascular endothelium.
Several lines of evidence support the contention that altered FoxO1 function in vascular endothelial cells is responsible for the observed worsening of lesions. First, similar to our findings, ubiquitous loss of function of Akt1 worsens atherosclerosis in LDL receptor-or ApoE-deficient mice in a bone marrow transplantation-independent manner, suggesting that the main effect of Akt1 on atherosclerosis is through its vascular endothelial cell functions (12) . Because FoxO1 is inhibited by Akt, it is likely that FoxO1 gain of function phenocopies Akt loss of function. Second, a different type of FoxO1 gain of function by way of a phosphorylation-defective mutant that mimics the effects of insulin resistance also causes endothelial cell dysfunction by promoting reactive oxygen species formation, and elevated glucose is permissive for this effect (21) . Third, targeted inactivation of insulin receptor in vascular endothelial cells promotes atherosclerosis and can reasonably be expected to increase FoxO1 activity (11) . Fourth, inactivation of the three genes encoding FoxO isoforms (1, 3a, and 4) in vascular endothelial cells protects Ldlr Ϫ/Ϫ mice against atherosclerosis (38) . We are mindful that the Foxo1 KR/KR mutation is ubiquitous and that this limitation prevents us from definitively concluding that its untoward effects on atherosclerosis are due to vascular endothelial cells, as opposed to, for example, vascular smooth muscle cells. In this regard, it is noteworthy that Akt1 mutations affect both endothelial and vascular smooth muscle cells (35) . Therefore, any conclusions as to the relative role of endothelial dysfunction in this model will have to be documented by further studies targeting the deacetylated mutant FoxO1 to vascular endothelial cells.
The pathogenesis of atherosclerosis is complex, with contributions from several mechanisms (inflammation, tissue damage, altered metabolism) in different tissues (29) . Similarly, FoxO1 exerts tissue-specific effects that are modulated by hyperglycemia via oxidative stress. In the liver, hypergly- (22) . In the macrophage, FoxO1 represses inflammatory responses but does not affect apoptosis, with negligible overall effects on atherogenesis (25, 37) . The present data indicate that the effects of FoxO1 gain of function through deacetylation in vascular endothelial cells trump its beneficial effects to lower plasma TG and cholesterol levels in WTD-fed Ldlr Ϫ/Ϫ mice. Our data are also consistent with the observation that liver-specific Foxo1 ablation fails to affect atherosclerosis development despite a mild elevation of plasma and hepatic lipid levels (16) .
In conclusion, our study demonstrates that oxidative stress-(or hyperglycemia-) mediated FoxO1 deacetylation in vascular endothelial cells contributes to the increased risk of atherosclerosis in diabetic patients. In this regard, our data suggest that treatment options should aim to lower FoxO1 activity in this cell type to reduce atherosclerosis in diabetes. KR/KR mice (KR/KR). Cells were incubated in low glucose (LG, 5.5 mM) or high glucose (HG, 25 mM) for 11 h (C) or with oxLDL (0.1 mg/ml) for 7 h (D) prior to isolating RNA. *, p Ͻ 0.05, **, p Ͻ 0.01 versus untreated cells, n ϭ 4 for each treatment condition. ctl, control; au, arbitrary units. E, monocyte adhesion assay on primary lung endothelial cells. Cells were pretreated with oxLDL (0.1 mg/ml) or TNF␣ (20 ng/ml) for 6 h before co-culture with WEHI-274.1 cells. F, quantification of adhering monocytes in E. *, p Ͻ 0.05, **, p Ͻ 0.01 versus EC from WT mice, n ϭ 4. Data are presented as means Ϯ S.E.
